Abstract. The advent of high energy neutron radiotherapy will require the neutron cross-section data and kerma factors for elements of biomedical importance to be extended up to and possibly above 50 MeV. Nuclear model calculations have been employed to produce a set of neutron cross-sections for C, N and 0 from 20 to 50 MeV. The strategy employed involves the optical model fitting of experimental total cross-sections to produce elastic and non-elastic cross-sections. The non-elastic cross-section is then used to normalise the individual reaction cross-sections and charged particle spectra produced by the statistical model of level densities. Kerma values are obtained from charged particle and recoil nucleus spectra. A comparison is made with other kerma calculations, based on the intranuclear cascade-evaporation model, which are consistently lower than the results presented in this paper.
Introduction
Neutron cross-section data are the basic input for many types of calculation used in radiological protection, e.g. checking designs of shields and collimators by Monte Carlo and discrete ordinate methods, estimates of the distribution of dose and neutron spectra within the human body irradiated by broad and narrow beams, the conversion of neutron spectra into microdose distributions and the calculation of kerma per unit fluence in biological materials and in the materials from which dosemeters are made. Consequently, it is important to have available a set of evaluated neutron cross-section data. At present there is a wealth of information up to 20 MeV but above this energy there are very few experimental data. However, the advent of high energy neutron radiotherapy has created a need to extend the energy range of cross-section data for the main constituents of tissue besides hydrogen, i.e. carbon, nitrogen and oxygen from the present limit of 20 MeV, provided by the ENDF/B-IV evaluations (Lachkar eta1 1975 up to and possibly above 50 MeV.
Because of the scarcity of data between 20 and 50 MeV, nuclear model calculations have to be employed to provide the required cross-sections. The methods most appropriate are the optical model, the statistical model, precompound emission and direct reactions. The main reaction mechanism in this energy range is the statistical decay of the compound nucleus. However, the emission of the first particle from a target nucleus before statistical equilibrium is attained (precompound emission) becomes increasingly prominent as the neutron energy rises. Also direct reactions are important in the excitation of low lying levels particularly for the (n, n') and (n, p) reactions. The problem with including precompound emission and direct reactions is that in order to evaluate their relative importance with regard to the statistical model, detailed experimental data on differential cross-sections and spectra are required; these are not available for C, N and 0. The method of calculating reaction cross-sections in 0031-9155/80/040637+ 13$01.00
@ 1980 The Institute of Physics 637 this paper is a first order approach where precompound emission and direct reactions are not considered. Also, low lying energy levels are not treated separately in the statistical model but as part of a continuum of levels. The strategy employed was to fit the experimental total cross-section data (which are virtually the only data available between 20 and 50 MeV) and ENDF/B-IV elastic and non-elastic data below 20 MeV for C, N and 0 using the optical model. The calculated non-elastic cross-sections obtained were then used to normalise the individual reaction cross-sections calculated by the statistical model. The parameters chosen in the optical and statistical model calculations are not unique and changing these parameters will result in variations in the cross-sections and kerma values. It is difficult to assess the errors involved without experimental data for comparison. However, the setting of these parameters by mainly fitting data below 20 MeV results in values presented here at the lower energies being more credible than those at the higher energies, since the uncertainties will increase with rising neutron energy. This paper describes the nuclear models and the reaction kinetics used to convert the charged particle and recoil nucleus spectra into kerma. Neutron cross-sections and kerma factors are presented, the latter being compared with previous calculations of Alsmiller and Barish (1977) and Wells (1978) using the intranuclear cascade plus evaporation model. The assumptions which underly the calculations are discussed and areas where further study is required are suggested.
Nuclear model calculations

Optical model
The optical model derives its name by analogy with the scattering and absorption of light. The presence of a complex optical potential, representing the nucleus, changes the wavelength of nucleons incident on the nucleus and thus provides a macroscopic refractive index for the nucleons. The real part of the complex potential represents elastic scattering and the imaginary part describes non-elastic processes permitted by the Pauli principle and conservation of energy.
An optical model computer program, NOPTIC (Dimbylow 1978b ) based on the method of Buck et a1 (1960) has been written. The optical potential used is of the form VopT= Vf(r)+iWg(r)+ V,,l.sh(r)
where V and W are the real and imaginary depths of the central potential and V, , is the depth of the spin-orbit potential. The radial dependence of the potentials is described by the form-factors f(r), g(r) and h(r). The real form-factor f(r) is the widely adopted Saxon-Woods shape, g(r) is a surface-peaked Gaussian and the spin-orbit factor is taken as a derived Saxon-Woods shape:
R and a represent effective nuclear radii and surface diffuseness parameters respectively. The nine independent parameters of this optical potential were reduced by using the following global values (Dimbylow 1978a) : A problem arises in the calculation of total and elastic cross-sections for carbon at 20 MeV because of the presence of a broad structure in the elastic scattering crosssection at 19.5 MeV. Consequently in fitting the ENDF/B-IV elastic cross-section data a compromise must be made between the high value at 20 MeV and the general trend of the data below 20 MeV. W was set to -7 MeV at 50 MeV neutron energy and the total cross-section data at this energy were fitted by varying K Having obtained 'anchoring points' at 20 and 50 MeV a linear interpolation of V and W was used to calculate the total and reaction cross-sections at intermediate energies. For oxygen, however, linear interpolation produces total cross-sections which appear to be too high from 20 to 35 MeV. This was remedied by increasing the absolute value of W slightly more rapidly from 20 to 35 MeV. The real and imaginary potential depths used were as follows: 
MeV;
These prescriptions differ from the previous calculation presented in Dimbylow (1978a) in that the increase in the imaginary depth has been reduced (i.e. W = -7 not -1 1 MeV at 50 MeV neutron energy). This produces a smaller reaction cross-section which is more in accord with the non-elastic cross-section data for carbon obtained by MacGregor er ai (1958) from 20 to 30 MeV. The total and non-elastic cross-sections are given in table 2. Figure 1 shows calculated and measured total cross-sections for C and 0. 
Statistical model of level densities (evaporation model)
The statistical model of level densities describes the formation and decay of a compound nucleus under the assumption that both the compound nucleus and the residual nucleus form a continuum of energy levels. A computer program, SMOLDERS (Dimbylow 1978b ) based on this model has been developed to calculate the emission probabilities of n, p, d, t, 3He and &-particles for reaction chains of up to six sequentially produced compound nuclei. It is assumed the y-emission is negligible above the threshold for particle production. The excitation energy of the compound nucleus is divided into a grid with a mesh size of 0.5 MeV. The emission functions are obtained by summing the emission probabilities for each grid energy Vi, over all possible values of i. The Fermi gas model of level densities (see Gilbert and Cameron 1965) assumes a gas composed of neutrons and protons where the single particle levels are equidistant and nondegenerate. Averaged values for pairing energies have been taken from Vonach and Hille (1969) . The inverse cross-sections for the formation of a compound nucleus by charged particles were taken from the work of Dostrowsky et a1 (1959) whose empirical formulation includes an approximate treatment of coulomb barrier penetration.
The approach used in calculating non-elastic cross-sections was to fit known reaction data by adjustment of the level density parameters and then use these values to predict cross-sections for reactions which have no experimental data. The reaction cross-section data available, to be compared with statistical model predictions consist of (n, 2n) cross-sections above 20 MeV (Ackermann etal 1975 , Brolley etal 1952 , Brill et a1 1961 and the ENDFIB-IV evaluated files below 20 MeV. The reaction crosssections cannot be fitted for each element in isolation because there are residual nuclei common to one or more reactions from different elements. e.g. the l60 (n, 0 ) 13C and N (n, np) 13C reactions. Therefore all the known reaction data above 10 MeV for C, N and 0 were fitted simultaneously. The first approximation was to set all level density parameters to A / 8 , then, where necessary, level density parameters for individual nuclei were varied SO as to reproduce the experimental cross-sections. A detailed description of the fitting process is given in Dimbylow (1978a) . 
Reaction kinetics and the calculation of kerma values
Kerma is the sum of the initial kinetic energies of all the charged particles liberated by indirectly ionising particles.
If Nm (gi) is the number of particles of type m emitted with energies between ei -A E /~ and ej + A E /~, where AE is the energy grid width, then kerma is given by
m i
A version SMOLDERS-K of the program SMOLDERS has been developed to convert centre-of-mass exit channel energies produced by the statistical model into particle and recoil nucleus spectra in the laboratory system from which kerma can be calculated. Multiple particle cascade chains (e.g. 16 0 (n, npnp) 13C) are treated as sequential two-body break-up reactions. In all processes the angular distribution of the emitted particles is assumed to be isotropic in the centre-of-mass system. The emission of the first particle is treated using the standard kinetics for a non-elastic reaction. (see e.g. Dennis 1973 ). 
8 is the scattering angle of the emitted particle in the centre-of-mass system. By definition of the statistical model of level densities the distribution of the emitted particle is isotropic in the centre-of-mass. Thus will be equidistributed from a minimum of ( a -b)' to a maximum of (a + b)'. The laboratory distributions obtained for each are summed over i to produce the total laboratory spectra for the emitted particle and the recoil nucleus involved in that particular reaction. The part of the residual nucleus's excitation energy distribution which is high enough to allow the emission of a further particle will not contribute to the kerma from that residual nucleus because its kinetic energy will be transmitted to the products of its decay. Below the threshold for further particle decay it is assumed that the levels decay by the emission of y-rays (which do not contribute to kerma). The sequential emission of further particles (other than the first) is treated as though the compound nucleus collides with a massless target. The kinetics in this case are complicated by the compound nucleus having a distribution of kinetic energies. Thus, the laboratory spectra must be obtained by summing the individual laboratory distributions produced from all possible couplings of the compound nucleus kinetic energy with the reaction channel energy. Consider the compound nucleus to have a mass M, and kinetic energy E,. Let a particle mp be emitted with laboratory kinetic energy leaving a recoil nucleus MR with kinetic energy E R . Then
E :~= U~+ Q -U I (14)
giving ~~= a~+ b~+ 2 a b cos 8
where Vi is the initial excitation of the compound nucleus; Vi is the final excitation of the recoil nucleus; -Q is the separation energy for the reaction; E?" is the centre-of-mass exit channel energy for the reaction; and 0 is the scattering angle of the emitted particle in the centre-of-mass. As before, isotropy in the centre-of-mass gives €p varying linearly with cos 0 from
If a cascade chain reaches 'Be the sequence is terminated by the fission of 8Be into two a-particles. The contribution to kerma from this reaction is obtained from the kinetic energy of the 'Be nucleus, the internal excitation of 'Be and also a positive Q-value of +0.0919 MeV. It is assumed that the energy from these three sources is converted into the kinetic energy of the resulting a-particles.
The contribution to kerma from the elastic recoils of "C, 14N and l60 was computed using the Legendre polynomial coefficients given in Dimbylow (1978a) .
Results
The relative importance of the various particles contributing to kerma for C, N and 0 at 20 and at 50 MeV are given in table 3. 
~~
The most important contribution to kerma in carbon is from the 3a break-up reactions. Any particle cascade sequence which reaches 'Be will terminate with the disintegration of 8Be into two a-particles. The ''C (n, n a ) 'Be + 2a reaction dominates the non-elastic cross-section at the lower energies having a value of 330 mb at 20 MeV. The ''C (n, an) 8Be -* 2a mode becomes more prominent with increasing energy rising to 75 mb at 50 MeV neutron energy. Figure 2 portrays the cross-sections for these two processes from 20 to 50 MeV. The cross-section for the other possible process, i.e. C (n, 2 a ) 'He+na is small in comparison. Proton emission from the 12C (n, p) ''B* and "C (n, np) "B* reactions becomes increasingly important as the incident neutron energy increases. After (n, na), the (n, np) mode is the most favoured way in which particle unstable states in C (produced by inelastic scattering) decay. The cross-section for the "C (n, np) "B* reaction rises to 65 mb at 50 MeV. The excited states in 12B decay almost exclusively via neutron emission. Deuteron production from the "C (n, d) "B* reaction gives a notable contribution to the total kerma at higher energies. The relative importance of elastic scattering decreases from 11.6% of the total kerma at 20 MeV to 2.3% at 50 MeV because as the neutron energy increases the forward-peaking of the scattered neutron distribution becomes more predominant, resulting in less energy being delivered to the recoil nucleus. Contributions to kerma from short-lived, induced &activity are small.
The majority of the favoured reactions for nitrogen proceed either via ' ' C (e.g. (n, npn) and (n, dn)) or via '*B (i.e. (n, a)) en route to 'Be (if sufficient energy is available) which terminates the chain by splitting into two a-particles. As for carbon, alpha particles are the pre-eminent source of kerma. At the lower energies the N (n, a) ''B reaction is significant, whilst at the higher energies the 14N (n, nda) 'Be; N (n, dna) 'Be and 14N (n, adn) 'Be break-up reactions increase in importance. Deuterons are produced in the 14N (n, d) 13C* reaction as well as in the 'nda' break-up reactions. The contribution of protons to kerma arises mainly from the 14N (n, p) 14C and 14N (n, np) 13C reactions. The most notable cascade sequence occurring in nitrogen is and is illustrated in figure 3 . The two main 'families' of reactions for oxygen are (i) the 4 a break-ups and (ii) cascades of neutrons and protons via 14N to "C, The threshold for the 4a reaction is 15.44 MeV. The dominant mode of reaching 'Be is l60 (n, n2a) 'Be and the crosssection for this reaction has a maximum of 55 mb at 40 MeV. The high I 6 0 (n, n a ) ' ' C cross-section is responsible for the large contribution of "C recoils to the kerma for oxygen. The high fraction of kerma due to protons arises predominantly from the 0 (n, np) "N* reaction. Figure 4 shows the cross-sections for the l60 (n, npnp) 13C cascade chain and figure 5 the l60 (n, n a ) "C and l60 (n, n2a) *Be cross-sections. A more detailed description of the calculated cross-sections is given in Dimbylow (1978a) but the values presented there must be renormalised to the non-elastic cross-sections given in table 2. The kerma factors for H are taken from Fleming (1974) (1978) are based on the intranuclear cascade plus evaporation model. The basic assumptions in calculations of intranuclear cascades is that nuclear reactions involving particles of high energy can be described in terms of particle-particle collisions within the nucleus. The justification for this assumption is that the wavelength of the incoming particle and subsequent collision products is of the order of or smaller than the average internucleon distance within the nucleus. This occurs for energies greater than about 100 MeV, so the applicability of this model will lessen with decreasing neutron energy. When the intranuclear cascade has excited the nucleus into a compound state, the particle evaporation phase takes over.
The kerma factors calculated in this paper agree well at 20 MeV with the data of Caswell et a1 which are based up to this energy primarily on experimental crosssections. The values obtained by Alsmiller and Barish for C, N and 0 are systematically lower than the results presented in this paper and the data of Caswell et a1 at 20 MeV. The results of Wells, although agreeing quite well for C and N at 20 MeV are lower than the calculated values at 50 MeV. The discrepancy between the various values for tissue is not so marked because of the relative importance of hydrogen coupled with the greater accuracy and plenitude of the hydrogen cross-section data.
Discussion
Most of the experimental cross-section data (few though they are) can be described within the framework of the nuclear models used. The optical model results are in favourable agreement with the experimental total cross-sections and with the ENDF/B-IV total and elastic data at 20 MeV. This goodness of fit and similarity of the optical model parameters used for C, N and 0 suggest that it is reasonable to apply the optical model to nuclei of low atomic mass. In general there is agreement between ENDF/B-IV and calculated cross-sections for first and possible second particle emission below 20 MeV. On the basis of the level density parameters obtained from this fitting, the higher order reactions are calculated but without experimental data it is difficult to predict an error on their values.
The choice of the statistical model of level densities to describe reaction mechanisms has involved the simplifying assumptions that there is no pre-compound emission and that the residual nuclei energy levels form a continuum. Also any direct component to the reaction cross-sections has been ignored. Pre-equilibrium processes are described by the exciton model (Griffin 1966) where after the bombardment of a nucleus by a neutron the compound system starting with a small number of degrees of freedom is gradually transformed into a more complex configuration until statistical equilibrium is reached, i.e. the state of the compound nucleus. At high incident neutron energies it is more probable that the emission of the first and possibly the second particle will leave the residual nucleus with a high excitation energy well above the discrete energy level domain, although at the end of a cascade chain the residual nucleus will have a low excitation and a discrete level description would be more apt. Thus it would have been better to conjoin a continuum treatment of levels at the higher excitation energies with a set of discrete energy levels at low excitation, after the equilibration of the target nucleus by pre-compound processes. Direct reaction mechanisms are important in the P JDimbylow excitation of low lying levels particularly for the (n, n') and (n, p) reactions and as the neutron energy increases so will their relative contribution to the non-elastic crosssection.
The errors involved in calculating kerma values arise from uncertainties in the neutron cross-sections used and the reaction kinetics applied to these cross-sections. One very critical quantity in the calculation of kerma is the non-elastic cross-section which is used to normalise the individual reaction cross-sections. Because there are virtually no experimental non-elastic cross-sections from 20 to 50 MeV, it is necessary to rely on the optical model fitting of total cross-sections to provide reasonable non-elastic cross-sections. The setting of statistical model parameters by mainly fitting data below 20 MeV results in the uncertainties on the cross-section data increasing with rising neutron energy. The 3a break-up reactions contribute most of the kerma for carbon and it is necessary to appraise the relative importance of the two major sequences of decay, because if a neutron is emitted first it will on average have more energy than if it is the second or third emitted particle in the break-up sequence. Therefore, the "C (n, na) 8Be reaction will contribute less to kerma than C (n, a n ) 8Be per unit cross-section at a particular energy. Similarly, break-up reactions in N and 0 terminating in the fission of 8Be have an essential role. This means that kerma values for C, N and 0 are very sensitive to the description of the reaction mechanisms involved in reaching 8Be, notably for the I2C* + 8Be* + a and 'Be* + Be* + n processes. Because 12C, 'Be and 8Be have few energy levels (especially 'Be) at low excitation energies, a discrete level description of the compound nuclear decay for these modes would be more appropriate than the continuum description used. A further problem is that these break-up reactions might occur not by the sequential two-body processes postulated but by an explosive three or four particle distintegration. The inclusion of direct reaction components, in inelastic scattering, which will preferentially excite the lower energy levels means that less of the incident neutron energy will be available to the residual nucleus produced by the inelastic scattering and so will tend to reduce the kerma.
It is hoped in future to explore the effects of including pre-equilibrium processes, discrete levels and direct reaction mechanisms on the cross-sections and kerma values for C, N and 0 and also to extend this work to other elements of biomedical importance such as Ca, P and S, and to elements of importance in dosemeter design such as Al, Mg 
